Allopolyploid Brassica Napus Using Pyrosequencing Allopolyploids form through the hybridization of two or more diploid genomes. A challenge to reproduction in allopolyploids is that pairing can occur between homologous chromosomes or homeologous chromosomes (i.e.different subgenomes.). Crossover between homeologous chromosomes can result in chromosome rearrangements that lower fertility and overall fitness. Rearrangements can alter the dosage of either entire chromosomes or just parts of chromosomes. Understanding the frequency and extent of rearrangements will help to explain the evolution and genome stabilization of agriculturally important allopolyploid species. Pyrosequencing is a useful tool in the study dosage changes in allopolyploids because it allows quantification of the relative contribution from each progenitor species at any given locus. Here we use pyrosequencing to analyze resynthesized Brassica napus allopolyploids and their progeny. Targets for pyrosequencing were identified using a bioinformatic approach taking advantage of recently-released Brassica genome sequence. SNPs identified through bioinformatics were confirmed through molecular biology. Markers along the A3/C3 homeolog pair were used to identify the occurrence of novel homeologous exchanges during meiosis in the parent plant, and segregation patterns arising from dosage changes in the parent. We identify a higher frequency of homeologous rearrangements at the distal end of the chromosomes. We also observe that the presence of a dosage change in a parent increases the likelihood that the chromosome bearing the dosage change will undergo subsequent rearrangements in neighboring loci.
isolated and self-compatibility provides a way to propagate the allopolyploid genome (Comai 2005) .
Allopolyploidy can cause problems in meiosis resulting in genetic changes and chromosome restructuring (Comai 2005; Gaeta et al. 2010) . Two or more different genomes (subgenomes), each with a complete set of homologous chromosomes, reside inside the same nucleus. The chromosomes from one subgenome are considered homeologous to chromosomes in another subgenome ( Figure 1 ) (Gaeta et al., 2010; Webber et al., 2004) . In a diploid genome, homologs pair-up to form bivalents (Figure 2 ), exchange genetic material through crossovers, and segregate to create gametes with a haploid set of chromosomes from each diploid progenitor. However, in allopolyploids there is no way to ensure equal segregation when homoeologs pair and when they do they can form bivalents, trivalents, tetravalents and higher-order groupings (Figure 2) . Crossovers between these groupings segregate to create aneuploid gametes and result in chromosomes with homeologous rearrangements. Two different progenitor species mate to produce a hybrid offspring with a set of chromosomes from both. In most cases that hybrid offspring undergoes whole genome duplication and ends up with twice as many sets of chromosomes compared to the progenitor species.
Homoeologous pairing between the sub-genomes of the progenitor species during meiosis can result in chromosome rearrangements and nondisjunction events that lower fertility (Lim et al. 2008; Gaeta et al. 2010 ). The offspring produced may be aneuploid or have a different ratio of chromosomes than the parent; this is called a chromosome dosage change. Dosage changes can involve duplication or deletion of whole chromosomes, or as homoeologous non-reciprocal transpositions (HNRTs); ( Figure 3) ; (Gaeta et al. 2007 ). HNRTs occur when homoeologous chromosomes form crossovers during meiosis and then during strand repair the homeolog is used as a template for repair instead of the homolog (Gaeta et al. 2010 ). During meiosis I homologous chromosomes cross over to form a bivalent (also known as a tetrad) which produces two diploid gametes (a). In allopolyploids homologous pairing is most common, but homeologous pairing can occur at a low rate and these homeologous pairing can lead to cross-overs to form trivalents which will produce a triploid gamete and haploid gamete (b), tetravalents which will produce a tetraploid gamete and a gamete with no chromosomes (c), or other combinations of mulitvalents. 
Brassica napus as a Model Organism
Brassica napus is a good model for studying allopolyploidy. It is an allotetraploid that formed 20mya from the hybridization of Brassica rapa and Brassica oleracea (Yang et al., 1999) . Wild B. napus behaves genetically as a diploid due to a process called rediploidization (Wolfe, 2001 Geata et al., 2007; Lukens et al. 2006) . Double haploids are most commonly created by chemically inducing chromosome doubling in a haploid seed or seedling (Choe et al., 2012; Dang et al., 2012 Resynthesizing hybrids in the lab allows researchers to observe the genetic restructuring following hybridization and genome duplication.
Approaches To Study Chromosome Rearrangements
Previous studies of resynthesized B. napus have analyzed the genetic variation of plants from distinct lineages at the same generation (i.e. 50 distinct S 0 or S 5 plants are compared). These studies have effectively sampled the types of genetic changes experienced by resynthesized B. napus plants. The driver for most genetic changes is the high degree of synteny between the A and C genomes (Parkin et al., 2005; Inguez et al., 2008) . Homoeologous pairing and recombination during meiosis in B. napus can shuffle the genome producing chromosomes bearing both A and C loci (Nicolas et al., 2009; Szadkowski et al., 2010) ; (Figure 3 ). The resulting gametes are expected to vary from the expected CC:AA dosage at some loci (e.g. CCC:A and CCCC dosages); (Lukens et al., 2006; Gatea et al., 2007; Gaeta et al., 2010) . The application of fluorescence insitu hybridization (FISH) to B. napus has revealed both reciprocal exchange (RE) between homoeologs, and non-reciprocal homoeologous transpositions (HNRT) in which a chromosome arm from one progenitor genome is replaced by one from the other (Xiong et al., 2011a (Salmon et al., 2010; Tate et al., 2010) .
However, while some rearrangements may "stabilize" the allopolyploid genome, others may disrupt stability. Gaeta and Pires (2010) Genetic markers for allopolyploid studies are ideally represent one locus per sub genome and are able to distinguish between homoeologous sequences at homeologous loci. In allopolyploid plants there are many duplicated regions of DNA and in order for a genetic marker to work for dosage counting, it must occur at a single locus per subgenome, otherwise dosage measurements will be inflated (Salentijn et al., 2009; Deschamps et al., 2010) .
Chromosome rearrangements can be detected using several techniques, each of which has advantages and disadvantages. One way to visualize chromosome rearrangements is with fluorescent in-situ hybridization (FISH), which uses fluorescently labeled probes for each chromosome allowing the researcher to identify where homoeologous regions are located in the allopolyploid and what their dosages are. This method creates karyotype images that examine the whole genome and is dosage sensitive. However, FISH cannot detect inheritance patterns, is labor intensive, has a low yield-to-effort ratio, and is very expensive (Lim et al., 2008) . Another technique that utilizes a genomic probe is Southern Blot, where specific sequences of DNA are hybridized to a membrane and then visualized in an image. It is able to detect differences between homoeologous chromosomes, and reveal dosage changes. However, it is expensive and requires radiolabeled nucleotides (Lukens et al., 2006; Lange et al., 2011) . A third common technique is polymerase chain reaction (PCR), which uses DNA synthesis to amplify a target region of DNA. Since PCR works by using two primers that mark the beginning and end of the desired DNA region, one marker can only be used to distinguish between homoeologous loci when DNA region in each homoeologous subgenome has a size polymorphism (a large size difference is greater than 50bp) (Lukens et al., 2006) . PCR is quick, inexpensive, and easy, however it cannot distinguish dosage changes. 
Previous Research
Previously DNA was collected from a parent Brassica napus plant (S 1 generation) and 39 offspring produced by self-pollination (S 2 generation The hypothesis of this study was that if a parent has chromosome rearrangements at a locus, the offspring will have more chromosomal rearrangements surrounding and including that locus.
CHAPTER II: METHODS

Greenhouse
Hybridization of Brassica oleracea (TO1000, egg donor; C-genome) and
Brassica rapa (IMB218; pollen donor; A-genome) produced resynthesized B.
napus allopolyploid plants (CCAA) as described previously by Lukens et al. (2006) . Brassica rapa and B. oleracea used to generate B. napus are doubled haploids, and thus are expected to be homozygous at every locus. The CA hybrids produced in the original crosses were treated with colchicine to induce genome doubling that produce resulting in the first allopolyploid generation (S 0 ).
Lineages were propagated for 12 generations by self pollination as described in Gaeta et al. (2007) . Two such lineages were selected for analysis. For each lineage a single S1, S6 and S11 plant was grown and DNA was extracted.
These plants were self-pollinated. Approximately 32 S2, S6, and S12 plants were grown from each of the original 6 parents. All six parent plants and three progeny pools were selected for dosage-sensitive marker analysis.
DNA Extraction and Sequencing
Genomic DNA was extracted using the Qiagen Plant Mini-Prep: DNA rapa sequence had significant matches on more than one B. oleracea chromosome or in more than one place on a chromosome, it was discarded. If a gene had only one significant match, the genetic marker sequence was saved as a FASTA file and assigned a code for later use.
Amplification and Sequencing of Candidate Markers
PCR primers were developed to amplify the potential gene region using the FASTA files from BRAD (Wang, X., et al., 2011) 
Statistical Analysis of Pyrosequencing Data
Most samples were assayed twice, some were able to be assayed only once. In cases of multiple assays, the results of each individual were averaged to deliver a single value. A discriminant analysis was run on each genetic marker using dosage controls created by mixing B. rapa and B. oleracea DNA in specific rations (AAA:C, AA:C, A:C, A:CC, A:CCC) and parental DNA (A only, C only).
Dosage controls comprised training groups for discriminant analysis for each marker. Only predicted ratio designations that had a probability of a correct designation larger than 0.80 were retained for further analysis. Chi-squared analysis was used to compare the observed data with the predictions of Mendelian Models.
All statistics were performed on JMP 10 statistical software (SAS Institute Inc., 2012).
CHAPTER III: RESULTS
Dosage Changes At Loci Along The A3:C3 Homeologs
To determine rates of homeologous rearrangements on an acrocentric chromosome in B. napus, dosage-sensitive pyrosequencing markers were developed at three loci along the A3:C3 homeologs (FLC3, Bra012552, Bra017743 Populations of resynthesized B. napus were generated by crossing B.
rapa (A genome) and B. oleracea (C genome) and colchicine-treating the hybrid progeny to induce genome doubling (Gaeta, 2007; Lukens, 2006) . To create plants with two copies of each A-and C-subgenomes, the A and C genome parents are doubled-haploids and are therefore expected to be homozygous at all loci. Two resynthesized B. napus plants were self-pollinated for 11 generations.
Six independent plants from two different lineages were genotype with the SNP markers at all three loci (Figure 7 ). There were two S1, two S6, and two S11 plants. Four of those six plants were AA:CC at all loci tested (Table A, Figure B) .
The other two plants were AA:CC at the Bra012552 and Bra017743 loci, but had changes at the FLC3 locus. One plant (parent #3) was a AA:C at the FLC3 locus.
Another plant (parent #2) had a complete loss of the C genome at the FLC3 locus, indicating a deletion likely occurred. These two parents presented an opportunity to observe how dosage changes segregate during meiosis. A third plant (parent #1) was AA:CC at all loci tested, indicating that no dosage changes had occurred, and thus we were able to use it as a comparison the parents that had dosage changes (Figure 7) . These plants were self-pollinated and about 35 progeny were grown from each. Parent #1 was self-pollinated to produce progeny population #1, parent #2 was self-pollinated to produce progeny population #2, and parent #3 was self-pollinated to produce progeny population #3. DNA was extracted from the progeny. The progeny were then genotyped at the same three loci to determine how parental genotype influenced the inheritance by the progeny. 
Frequency Of Novel Rearrangements
To investigate the frequency of novel rearrangements (i.e. homeologous exchange during meiosis in a parent plant) parent #1 was self-pollinated and the progeny, population #1, were analyzed at the three loci. In population #1 there were four individuals with dosage changes (Figure 7 
Segregation Of Rearrangements Present In The Parent
Parent #3 has a dosage of AA:C at the FLC3 locus and AA:CC at the Bra012552 and Bra017743 loci. The FLC3 locus segregated into the offspring generation such that three offspring had a complete loss of the C genome, nine
were AA:CC, thirteen were AA:C, seven were AAA:C, and two offspring were
CHAPTER IV: DISCUSSION
Allopolyploidy in Brassica napus
Allopolyploid genomes form by hybridization of two diploid genomes 
Inheritance of Homeologous Exchanges
Parent #1 most likely has two A chromosomes and two C chromosomes.
Since parent #1 has no dosage changes, it is unlikely that there would be dosage 
Frequency of Homeologous Exchange on an Acrocentric Chromosome
Parent #3 AA:C at the FLC3 locus and AA:CC at the Bra012552 and Bra017743 loci and this genotype most likely arose due to a deletion of the region containing the FLC3 locus from of the C3 chromosomes. According to Mendelian principles, one would expect this rearrangement to segregate such that approximately 50% of the offspring would be the same as the parent, 25%
would be AA:CC at all loci, and the last 25% would be missing the region containing the FLC3 locus from the C genome entirely (Figure 8 ).
What we saw was that 32.4% of the offspring were the same genotype as the parent, 17% were AA:CC at all loci, 2.9% were only A at the FLC3 locus and AA:CC at the other loci, and 47% were genotypes not predicted by the Mendelian hypothesis. This non-mendelian segregation suggests that homeologous exchange is occurring during meiosis.
The presence of rearrangements distal to the centromere and the absence of rearrangements proximal to the centromere on A3/C3 in our populations could be explained two ways. First, it could be a general phenomenon that homeologous pairing and recombination are suppressed nearer to the centromere. A similar pattern has been seen in the B. napus C1-A1 homeolog pair (Nicolas 2012) . Second, the patterns of recombination observed could be highly specific to the A3/C3 chromosome and not represent a general phenomenon. A3 and C3 may be more syntenous at the distal ends of the chromosome and, therefore, more likely to pair and recombine in this region.
Genetic maps show relatively high levels of synteny along A3/C3 yet the greatest synteny is found at the distal end of the chromosome (Nicolas 2012; Xiong 2011; Parkin 2005) . Soon a physical map for Brassica oleracea will be available that will allow the level of synteny between A3 and C3 to be determined with certainty.
At this point it would be premature to attribute the patterns of homeologous exchange observed for A3/C3 to a general phenomena within allopolyploids. If parent #3's dosage is the result of a deletion at the tip of one of the chromosomes and the homeologs segregate independently, one expects a 1:2:1 ratio of the deletion in the progeny (bolded squares). If homeologous pairing that results in chromosome rearrangements in the gametes does occur, one expects more rearrangements than those predicted by independent assortment.
CHAPTER V: CONCLUSION
This approach has provided insights into the frequency with which homeologous pairing and exchange occur during meiosis in an allopolyploid. In parents with no dosage changes, novel changes occurred, but at lower rates when compared to a parent with dosage changes. This suggests that a dosage changes in the parent may induce or contribute to chromosomal rearrangements during meiosis and thus produce more dosage changes in the offspring. Also, not just any chromosomal rearrangement leads to further rearrangements, parent #2, the one with only the A-subgenome at the FLC3 locus, had only one offspring with a dosage change, whereas parent #3, the one with the AA:C dosage at the FLC3 locus, had many offspring with a variety of dosage changes. Regardless of what the parent dosage was, most of the changes occurred at the FLC3 locus, which suggests that chromosomal rearrangements are more likely to occur farther from the centromere than they are closer to the centromere.
